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(57) ABSTRACT

A semiconductor device includes a plurality of cells in a main
region, a plurality of cells in a sensing region, a transistor, and
a gate shut-off time for the sensing region. The transistor is
configured to drive each of the plurality of cells in the main
region and each of the plurality of cells in the sensing region.
The gate shut-off time for the sensing region is set according
to D=(Cgs/Cgm)*(Rgs/Rgm) to be earlier than a gate shut-off
time for the main region. D indicates a CR delay ratio, Rgm
indicates a gate resistance value for the main region and Rgs
indicates a gate resistance value for the sensing region in the
transistor, and Cgm indicates a parasitic capacitance for the
main region and Cgs indicates a parasitic capacitance for the
sensing region in the transistor.

11 Claims, 6 Drawing Sheets
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1
SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority under 35 U.S.C.
§119 to Japanese Patent Application No. 2013-157366, filed
Jul. 30, 2013, entitled “Semiconductor Device.” The contents
of this application are incorporated herein by reference in
their entirety.

BACKGROUND

1. Field

The present disclosure relates to a semiconductor device.

2. Description of the Related Art

Semiconductor devices having a current detecting function
from the viewpoint of preventing overcurrent and other pur-
poses are proposed. A primary subject in developing such
devices is a device that includes two regions of one for per-
forming main functions (main region) and the other for
detecting a current flowing in the main region (sensing
region) on a single semiconductor substrate from the view-
point of the overcurrent detection accuracy.

Japanese Unexamined Patent Application Publication Nos.
2005-050913 and 2003-229572 disclose a semiconductor
device having a current detecting function and capable of
detecting a current flowing in cells in a main region (main
current) in accordance with a split flow ratio between the
current flowing in the cells in the main region and a current
flowing in cells in a sensing region (sensing current). When
the split flow ratio between the main current and the sensing
current is known, a main current value can be detected from a
measured sensing current value.

With the above-described semiconductor device, because
the split flow ratio between the main current and the sensing
current is obtained in advance with high accuracy, when a
current actually flows in the device, a real main current value
is accurately detectable using the split flow ratio.

SUMMARY

According to one aspect of the present invention, a semi-
conductor device includes, a plurality of cells in a main
region, a plurality of cells in a sensing region, and a transistor.
The transistor drives each of the cells. A gate shut-off time for
the sensing region is set earlier than a gate shut-off time for
the main region on the basis of D=(Cgs/Cgm)*(Rgs/Rgm),
where D indicates a CR delay ratio, Rgm indicates a gate
resistance value for the main region and Rgs indicates a gate
resistance value for the sensing region in the transistor, and
Cgm indicates a parasitic capacitance for the main region and
Cgs indicates a parasitic capacitance for the sensing region in
the transistor.

According to another aspect of the present invention, a
semiconductor device includes a plurality of cells in a main
region, a plurality of cells in a sensing region, a transistor, and
a gate shut-off time for the sensing region. The transistor is
configured to drive each of the plurality of cells in the main
region and each of the plurality of cells in the sensing region.
The gate shut-off time for the sensing region is set according
to D=(Cgs/Cgm)*(Rgs/Rgm) to be earlier than a gate shut-off
time for the main region. D indicates a CR delay ratio, Rgm
indicates a gate resistance value for the main region and Rgs
indicates a gate resistance value for the sensing region in the
transistor, and Cgm indicates a parasitic capacitance for the
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main region and Cgs indicates a parasitic capacitance for the
sensing region in the transistor.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention and many of
the attendant advantages thereof will be readily obtained as
the same becomes better understood by reference to the fol-
lowing detailed description when considered in connection
with the accompanying drawings.

FIG. 1 is an equivalent circuit diagram of a semiconductor
device according to an embodiment.

FIG. 2 is a flowchart that illustrates results of detection of
values of currents or voltages in portions in the semiconduc-
tor device during turn-off.

FIG. 3 is a chart that illustrates a problem caused by an RC
filter.

FIG. 4 is an equivalent circuit diagram that schematically
illustrates details of parasitic resistances of a transistor.

FIG. 5 is an enlarged chart for a rectangular dotted region
in FIG. 2 and illustrates changes in a surge with respect to
various values of sensor-side internal gate resistance Rgs.

FIG. 6 is a graph that illustrates values of surge current with
respect to CR delay ratio D.

DESCRIPTION OF THE EMBODIMENTS

The embodiments will now be described with reference to
the accompanying drawings, wherein like reference numerals
designate corresponding or identical elements throughout the
various drawings.

A semiconductor device according to an embodiment is
described in detail below with reference to the drawings.

FIG. 1 is an equivalent circuit diagram of a semiconductor
device according to an embodiment. A semiconductor device
10 according to the present embodiment includes a transistor
16 driven by a driving current supplied from a separately
disposed driving circuit 12, a group of cells (a plurality of
cells) in a main region, and a group of cells (a plurality of
cells) in a sensing region (see FIG. 4). In the present embodi-
ment, the transistor 16, the group of cells in the main region,
and the group of cells in the sensing region are formed on a
semiconductor substrate by a general manufacturing process,
and their specific configurations, locations, and manufactur-
ing methods are not particularly limited.

The driving circuit 12 includes a driving terminal 12a for
use in supplying a driving current to the transistor 16 and a
potential detecting terminal 125 for use in detecting a sensing
voltage (potential) described below.

The semiconductor device 10 according to the present
embodiment further includes a gate resistor Rg, a sensing
resistor Rs, and a resistor-capacitor (RC) filter 18 including a
filter resistor R1 and a capacitor C1. In the present embodi-
ment, the gate resistor Rg, sensing resistor Rs, filter resistor
R1, and capacitor C1, which are individual components, are
mounted on the above-described semiconductor substrate.
Specific modes and locations of the above-described compo-
nents are not particularly limited.

In the present embodiment, the transistor 16 is an insu-
lated-gate bipolar transistor (IGBT). IGBT is a bipolar tran-
sistor in which a metal oxide semiconductor field effect tran-
sistor (MOSFET) is embedded in a gate electrode. The type of
the transistor 16 is not particularly limited, and MOSFET
may also be used, instead of IGBT.

The driving terminal 124 in the driving circuit 12 is con-
nected to a gate terminal G in the transistor 16 through the
gate resistor Rg for use in adjusting a gate voltage Vg. A
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collector terminal C in the transistor 16 is connected to a
power source for supplying main power. An emitter terminal
E in the transistor 16 includes a main-side emitter terminal E1
connected to the cells in the main region and a sensing-side
emitter terminal E2 connected to the cells in the sensing
region.

The sensing-side emitter terminal E2 is connected to the
sensing resistor Rs and the RC filter 18. As described below,
the sensing resistor Rs is a resistor for use in measuring a
sensing voltage applied to the cells in the sensing region. The
RC filter 18 includes the filter resistor R1 and the capacitor C1
and is used for suppressing the occurrence of surge voltage
and surge current. In the present embodiment, the RC filter 18
has a first-order low-pass filter form including the filter resis-
tor R1 in series with input signals and the capacitor C1 in
parallel with output signals (output current). The form of the
RC filter 18 is not particularly limited, and filters of other
forms using coils or operational amplifiers may also be used.

As described above, in the present embodiment, the emitter
terminal E in the transistor 16 includes the main-side emitter
terminal E1 connected to the cells in the main region and the
sensing-side emitter terminal E2 connected to the cells in the
sensing region and can be construed to include at least two
emitter terminals. That is, the semiconductor device 10
extracts a collector-emitter current in the transistor 16 in such
a way that not only a main current Ic used in main functions
is extracted at the main-side emitter terminal E1 but also a
sensing current s corresponding to, for example, one part in
several thousand equal parts to one part in several tens of
thousands equal parts of the main current is extracted (the
magnitude of the sensing current Is is not limited to the above
description and may be any value). A voltage occurring in the
sensing resistor Rs through which the sensing current Is flows
is detected as a sensing voltage at the potential detecting
terminal 125 in the driving circuit 12. The driving circuit 12
monitors the detected voltage. The monitoring enables grasp-
ing of the behavior of the sensing current Is.

That is, because the ratio of the magnitude of the main
current Ic and that of the sensing current Is is known in
advance from design specifications of the transistor 16, the
behavior of the main current Ic can be grasped, the occurrence
of an anomalous event, such as overcurrent or a short circuit,
can be grasped, and it can be fed back to the driving circuit 12.
When the driving circuit 12 grasps the occurrence of the
anomalous event, it can perform an action, for example, shut
off the overcurrent, and thus the transistor 16 can be pro-
tected.

However, a problem may arise when power is shut off by
the semiconductor device 10, that is, when a main current is
turned off. The chart in FIG. 2 illustrates values of current or
voltage in portions in the semiconductor device 10 during
turn-off. When the current flows, the predetermined voltage
Vg (e.g., 15 V) is applied to the gate terminal G in the tran-
sistor 16. When the voltage Vg at the gate terminal G is
rendered zero by a control signal from the driving circuit 12,
the transistor 16 becomes an off state (high-resistive state),
the main current Ic becomes zero, and a voltage Vce between
the collector and emitter increases.

Atthis time, normally, it is expected that the same behavior
occurs in the sensing region and a sensing voltage Vs and the
sensing current Is become zero. However, as indicated by the
dotted section in FIG. 2, the sensing voltage Vs often shows
sudden abnormal high voltage (surge voltage). In such cases,
the behavior differs from the behavior of the main current Ic,
the voltage and current in the sensing region do not accurately
reflect the behaviors of the voltage and current in the main
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region, and the precision in operation of controlling the semi-
conductor device 10 may decrease.

A major cause of such an event is a time lag between the
gate-off timing in the cells in the main region and that in the
sensing region (typically, a delay occurs on the sensor side).

Possible solutions to the above-described problem may be
measures (1) and (2) described below. In accordance with
these measures, the sensing resistor Rs and the RC filter 18
are included in the semiconductor device 10, as illustrated in
FIG. 1.

(1) The RC filter (filter circuit) 18 is disposed between the
sensing resistor Rs and the driving circuit 12 to suppress surge
voltage and surge current. (2) The resistance of the sensing
resistor Rs is changed such that the detection performance is
reduced.

Itis known that the above measures can reduce an error. For
example, before the filter circuit is placed, because of the
occurrence of surge voltage and surge current, the main cur-
rent is misunderstood by the driving circuit 12 as approxi-
mately 1.5 times larger than the actual main current, whereas
after the filter circuit is placed, misunderstanding of the main
current is reduced to approximately 1.3 times larger than the
actual main current.

However, the above measures (1) and (2) have a problem
described below.

In (1), if a time constant T of the RC filter 18 (=R1*C1) is
increased with the aim of suppressing surges, a response
delay occurs in the sensing current, a change in output current
lags behind an actual current change. This means that the RC
filter 18 causes a delay in detecting overcurrent or a short
circuit, whose detection is an original purpose, and means
that controlling for protecting the transistor 16 becomes dif-
ficult.

Thatis, the placement of a filter circuit, such as the RC filter
18, may cause a delay in detecting an anomaly, such as over-
current or a short circuit, whose detection is an original pur-
pose. One possible approach to avoiding this situation is
adjustment of the resistance of the sensing resistor Rs in (2).

FIG. 3 is a chart for describing such circumstances. Here,
the switching function in the transistor 16 is disabled, the gate
voltage Vg is continuously applied, the transistor 16 is main-
tained in an on state, and the main current I¢ is increased until
the transistor 16 is broken.

When the resistance of the sensing resistor Rs is changed,
and the current value corresponding to a constant detection
voltage being shut off also changes. This means that the gate
shut-off time (detection time) also changes. As illustrated in
FIG. 3, a change in the resistance value of the sensing resistor
Rs varies the gate shut-oft time. In the example illustrated in
FIG. 3, there is a delay of approximately 100 ns of the gate
shut-off time between Rs=3.6Q and Rs=2.7Q, and the main
current increases by approximately 100 A in that delay.

Accordingly, as the resistance of the sensing resistor Rs
reduces, the current required until the detection voltage is
reached increases and a period of time up to the gate shut-off
increases. That is, a reduction in the resistance of the sensing
resistor Rs causes a delay in the time up to shut-off, and the
risk of breakage increases. In contrast, when the resistance of
the sensing resistor Rs increases, although the sensing current
reduces as a whole, because of (sensing current)x(sensing
resistance), the sensing voltage Vs increases. Thus the main
current Ic is detected excessively, and the risk of frequent
occurrence of unnecessary shut-off operation increases.

The present inventors intensively investigated the above-
described problem and focused on a gate wiring resistance
parasitically added to the inside of the transistor 16 (parasitic
resistance). The present inventors conducted further investi-
gation and particularly focused on the existence of a parasitic
resistance relating to the main current and that relating to the
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sensing current. The present inventors found that if the two
kinds of parasitic resistances became unbalanced, in particu-
lar, if the parasitic resistance relating to the sensing current
became too high, shut-oft of the group of cells in the sensing
region lagged, and as a result, a surge occurred easily in the
sensing region.

The above-described fact is described with reference to
FIG. 4. FIG. 4 is an equivalent circuit diagram that schemati-
cally illustrates details of the parasitic resistance in the tran-
sistor 16. The transistor 16 has a main-side internal resistance
(gate resistance value for the main region) Rgm relating to a
route through which the main current flows (route from the
collector terminal C to the main-side emitter terminal E1) and
a sensor-side internal gate resistance (gate resistance value
for the sensing region) Rgs relating to a route through which
the sensing current flows (route from the collector terminal C
to the sensing-side emitter terminal E2). The two internal gate
resistances Rgm and Rgs are parasitic resistances and
unavoidably occur in the transistor.

FIG. 5 is an enlarged chart for a rectangular dotted region
in FIG. 2 and illustrates changes in a surge with respect to
various values of the sensor-side internal gate resistance Rgs.
This chart is the one in which it was observed by simulation
that the behavior of a surge during turn-off varied with the
value of the sensor-side internal gate resistance Rgs inside the
transistor 16. “CR ratio” in FIG. 5 indicates “CR delay ratio”
described below. FIG. 5 reveals that a transistor with a smaller
sensor-side internal gate resistance Rgs also has a smaller CR
ratio and clearly has a reduced surge during turn-off.

The present inventors investigated the above-described
phenomenon as described below. There are large differences
between a current flowing in the main region and a current
flowing in the sensing region (main current and sensing cur-
rent) and between a voltage applied to the main region and a
voltage applied to the sensing region (main voltage and sens-
ing voltage), and the sensing region is sensitive to anomalies,
such as surges. The present inventors thought that voltage and
current surges in the sensing region were able to be sup-
pressed by setting the relationship between the RC time con-
stant for the main region and that for the sensing region at CR
(main region)>CR (sensing region) on all occasions and, as a
result, making a turn-off operation for the sensing region
earlier than that for the main region. This is because it is
estimated that if a turn-off operation for the sensing region is
later than that for the main region, a current that should flow
in the main region may mistakenly flow in the sensing region.

Under such conditions, an excessive current inflow to the
sensor side is suppressed (specifically, a current inflow per
unit cell is suppressed), and as a result, the surge is reduced.
Here, when the parasitic capacitance parasitic on the transis-
tor 16 relating to the route in which the main current flows is
amain-side internal capacitance (parasitic capacitance for the
main region) Cgm and the parasitic capacitance parasitic on
the transistor 16 relating to the route in which the sensing
current flows is a sensor-side internal capacitance (parasitic
capacitance for the sensing region) Cgs, from the above-
described relationship, Cgm*Rgm>Cgs*Rgs is satisfied.

When the above expression is rearranged, (Cgm/Cgs)*
(Rgm/Rgs)>1 is satisfied. When this expression is further
rearranged, (Cgs/Cgm)*(Rgs/Rgm)<1 is satisfied.

When the ratio between CR for the sensing region and CR
for the main region is defined as CR delay ratio D, because
D=(Cgs*Rgs)/(Cgm*Rgm)=(Cgs/Cgm)*(Rgs/Rgm),  the
following expression (1) is satisfied.

0<D=(Cgs/Cgm)*(Rgs/Rgm)<1 (€8]
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The ratio Cgs/Cgm is the ratio between the parasitic
capacitance for the sensing region and that for the main
region. When the parasitic capacitance per cell is the same
over the main region and the sensing region, Cgs/Cgm is the
same as the ratio between the number of the cells in the
sensing region and that for the main region. Accordingly,
where the number of the cells in the sensing region is Ns and
that in the main region is Nm, the following expression (2) is
satisfied.

0<D=(Ns/Nm)*(Rgs/Rgm)<1 2)

When the area per cell is the same over the main region and
the sensing region, where the area of the sensing region is Ss
and that of the main region is Sm, the following expression (3)
is satisfied.

0<D=(Ss/Sm)*(Rgs/Rgm)<1 3)

For example, when the area Sm of the main region is 2000
and the area Ss of the sensing region is 1, the area ratio
(Ss/Sm) is 1/2000. Designing the transistor 16 while focusing
on the ratio of the areas and the ratio of the parasitic resis-
tances, which are easily adjustable, enables the occurrence of
surge current and surge voltage to be easily suppressed.

FIG. 6 is a graph that illustrates values of surge current with
respect to the CR delay ratio D. Here, CR delay ratio D=1 is
considered to be a boundary value for which, in theory, when
two semiconductors (semiconductor in the main region and
semiconductor in the sensing region) are compared, the
response for one of the two semiconductors is later than that
for the other. Specifically, when the CR delay ratio is smaller
than one, the sensing current is turned off early relative to the
time of entry of the surge current, and the surge current to the
sensing region decreases quickly. In contrast, it is understood
that when the CR delay ratio is larger than one, the sensing
current is turned off late, and the surge current increases.

As described above, the internal gate resistance parasitic
on each of the cells in the sensing region and the cells for the
main region and the ratio of the parasitic capacitances, the
ratio of the numbers of cells, or the ratio of the areas between
the main region and the sensing region are adjusted, and the
occurrence of current surges itself is suppressed. That is, the
gate shut-off time for the cells in the sensing region can be
made earlier by performing design such that 1) the internal
gate resistance for the sensing region is reduced in compari-
son with related-art design and/or 2) the parasitic capacitance
for the main region is increased with respect to the parasitic
capacitance for the sensing region.

That is, when the gate shut-off time for the sensing region
is set earlier than the gate shut-oft time for the main region on
the basis of CR delay ratio D=(Cgs/Cgm)*(Rgs/Rgm)=(Ns/
Nm)*(Rgs/Rgm)=(Ss/Sm)*(Rgs/Rgm), the occurrence of
anomalous events, such as surges, can be suppressed. Setting
the CR delay ratio D at 0<D<1 enables specifically and
readily designing a semiconductor device in which anoma-
lous events do not easily occur.

When all of the cells on a single semiconductor substrate
are driven by the common driving circuit 12 and transistor 16
and each of the cells belongs to either one of the main region
or the sensing region, the above expression (1) holds for a
semiconductor chip made of a single semiconductor sub-
strate. If there is a dummy cell, the expression (1) may be
reviewed and considered after it is determined which of the
main region and the sensing region the dummy cell belongs
to.

Because surges can be directly suppressed without depend-
ing on the filter circuit, such as the RC filter, there is no delay
in detection, and the semiconductor device can be protected
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reliably. Even if the filter is used, the filter constant can be
lowered, and the performance of detecting an anomaly, such
as overcurrent and a short circuit, can be maintained or
improved, while the number of parts and the implementation
area can be reduced.

Any modifications and improvements on the above-de-
scribed embodiment are possible. The materials, shapes,
dimensions, numerical values, forms, numbers, locations,
and the like of the components in the above-described
embodiment are not limited.

Because the semiconductor device according to the
embodiment can suppress the occurrence of anomalies, such
as surge currents to the cells on the sensing side, it can
suppress the adverse effects thereon and is applicable in vari-
ous fields.

A semiconductor device according to an aspect of an
embodiment includes a plurality of cells in a main region, a
plurality of cells in a sensing region, and a transistor (e.g.,
transistor 16 in the embodiment described above) that drives
each of the cells. A gate shut-off time for the sensing region is
set earlier than a gate shut-off time for the main region on the
basis of D=(Cgs/Cgm)*(Rgs/Rgm), where D indicates a CR
delay ratio, Rgm indicates a gate resistance value for the main
region and Rgs indicates a gate resistance value for the sens-
ing region in the transistor, and Cgm indicates a parasitic
capacitance for the main region and Cgs indicates a parasitic
capacitance for the sensing region in the transistor.

In the configuration according to the aspect of the embodi-
ment, D=(Ns/Nm)*(Rgs/Rgm) may be satisfied, where Nm
indicates a number of the cells in the main region and Ns
indicates a number of the cells in the sensing region.

In the configuration according to the aspect of the embodi-
ment, D=(Ss/Sm)*(Rgs/Rgm) may be satisfied, where Sm
indicates an area of the main region and Ss indicates an area
of the sensing region.

According to the above semiconductor device, the occur-
rence of anomalous events, such as surge current to the cells
in the sensing region, can be suppressed.

In the configuration according to the aspect of the embodi-
ment, D may be set at 0<D<1.

In the configuration according to the aspect of the embodi-
ment, the transistor may include an insulated-gate bipolar
transistor (IGBT) including a collector terminal (e.g., collec-
tor terminal C in the embodiment described above), a gate
terminal (e.g., gate terminal G in the embodiment described
above), and at least two emitter terminals (e.g., emitter ter-
minals E1 and E2 in the embodiment described above).

According to the above-described configuration, the semi-
conductor device in which the occurrence of anomalous
events, such as surge voltages and current, is suppressed can
be specifically and readily designed.

Obviously, numerous modifications and variations of the
present invention are possible in light of the above teachings.
It is therefore to be understood that within the scope of the
appended claims, the invention may be practiced otherwise
than as specifically described herein.

What is claimed is:

1. A semiconductor device comprising:

a plurality of cells in a main region;

a plurality of cells in a sensing region; and

a transistor that drives each of the cells,
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wherein a gate shut-off time for the sensing region is set
earlier than a gate shut-off time for the main region on
the basis of D=(Cgs/Cgm)*(Rgs/Rgm),

where D indicates a CR delay ratio,

Rgm indicates a gate resistance value for the main region
and Rgs indicates a gate resistance value for the sensing
region in the transistor, and

Cgm indicates a parasitic capacitance for the main region
and Cgs indicates a parasitic capacitance for the sensing
region in the transistor.

2. The semiconductor device according to claim 1, wherein

D=(Ns/Nm)*(Rgs/Rgm) is satisfied,

where Nm indicates a number of the cells in the main
region and Ns indicates a number of the cells in the
sensing region.

3. The semiconductor device according to claim 1, wherein

D=(Ss/Sm)*(Rgs/Rgm) is satisfied,

where Sm indicates an area of the main region and Ss
indicates an area of the sensing region.

4. The semiconductor device according to claim 1, wherein

D is set at 0<D<1.

5. The semiconductor device according to claim 1, wherein
the transistor comprises an insulated-gate bipolar transistor
(IGBT) including a collector terminal, a gate terminal, and at
least two emitter terminals.

6. A semiconductor device comprising:

a plurality of cells in a main region;

a plurality of cells in a sensing region;

atransistor configured to drive each of the plurality of cells
in the main region and each of the plurality of cells in the
sensing region; and

a gate shut-off time for the sensing region being set accord-
ing to D=(Cgs/Cgm)*(Rgs/Rgm) to be earlier than a
gate shut-off time for the main region, wherein

D indicates a CR delay ratio,

Rgm indicates a gate resistance value for the main region
and Rgs indicates a gate resistance value for the sensing
region in the transistor, and

Cgm indicates a parasitic capacitance for the main region
and Cgs indicates a parasitic capacitance for the sensing
region in the transistor.

7. The semiconductor device according to claim 6, wherein

D=(Ns/Nm)*(Rgs/Rgm) is satisfied,

where Nm indicates a number of the plurality of cells in the
main region and Ns indicates a number of the plurality of
cells in the sensing region.

8. The semiconductor device according to claim 6, wherein

D=(Ss/Sm)*(Rgs/Rgm) is satisfied,

where Sm indicates an area of the main region and Ss
indicates an area of the sensing region.

9. The semiconductor device according to claim 6, wherein

D is set at 0<D<1.

10. The semiconductor device according to claim 6,
wherein the transistor comprises an insulated-gate bipolar
transistor (IGBT) including a collector terminal, a gate ter-
minal, and at least two emitter terminals.

11. The semiconductor device according to claim 6,
wherein the CR delay ratio indicates a ratio between CR for
the sensing region and CR for the main region.
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